Two bacterial species, Pseudomonas aeruginosa and Lactococcus lactis, with different 28 metabolic features, were used as a comparative experimental model to investigate the antimicrobial 29 target and mechanism of transferrins. In anaerobiosis, P. aeruginosa cells were not susceptible to 30 lactoferrin (hLf) or transferrin (hTf). In aerobiosis, the cells were susceptible but O 2 -consumption 31 was not modified, indicating that components of the electron transport chain (ETC) were not 32 targeted. However, the respiratory chain inhibitor piericidin A significantly reduced the killing 33 activity of both proteins. Moreover, 2,6-dichlorophenolindophenol (DCIP), a reducing agent that 34 accepts electrons from the ETC coupled to H + -extrusion, made P. aeruginosa susceptible to hLf and 35 hTf in anaerobiosis. These results indicated that an active cooperation of the cell was indispensable 36 for the antimicrobial effect. In L. lactis cells lacking an ETC, the absence of a detectable 37 transmembrane electrical potential in hLf-treated cells suggested a loss of the H + -ATPase activity. 38
Introduction 51 52
Transferrins comprise a family of proteins which include iron-binding polypeptides of diverse 53 phylogenetic groups. Two well studied representative members of this family are transferrin and 54 lactoferrin. These polypeptides have multiple biological functions in blood and mucosal surfaces, 55 respectively. It is thought that both proteins contribute to defense against microbial infection in 56 different host settings, and are considered components of innate immunity (5, 14) . 57
The antimicrobial activity of transferrin and lactoferrin has been attributed to various causes, 58 including nutritional deprivation of essential iron, catalytic potential in Haber-Weiss-Fenton 59 chemistry, or outer membrane damage in Gram-negative bacteria (1, 13, 27, 33). Alternatively, we 60 have proposed a specific interaction of human lactoferrin with a protein constituent of the microbial 61 cytoplasmic membrane, thus explaining physiological changes associated with lactoferrin-induced 62 cell death (24). This hypothesis derives from the fact that the antimicrobial activity of lactoferrin is 63 tightly linked to cellular bioenergetics, and it is not due to a permeabilization of cell membranes (6, 64 24, 25). In addition, the antimicrobial effect may be prevented by extracellular Na + and K + (24, 25),8 measurements were repeated in three independent studies for each sample. The DCIP absorbance 175 was also measured in the presence of 3 µM rhLf or 12 µM hTf without cells. 176
177
ATPase activity. The influence of rhLf or hTf on ATPase activity was determined using a 178 colorimetric ATPase assay according to the manufacturer´s recommendations. The assays were 179 performed using membrane preparations (40 to 90 µg/100 µl) previously incubated with PiBind resin 180 to remove the free inorganic phosphate (Pi). The membrane samples were pre-incubated for 10 min 181 at 37 °C with rhLf and hTf (10, 20, 30 µM) or 0.5 mM DCCD to measure the effect of these 182 compounds on the ATPase activity. The amount of Pi-released was calculated by spectrophotometry 183 (A 650 ). For all experiments, calibration was performed using a standard range of Pi concentrations, 184 and data were determined in a minimum of three independent assays. 185 186 ATP-dependent proton translocation. Inverted membrane vesicles were prepared as described 187 previously (7). Briefly, L. lactis cells were grown in M17G medium to late exponential phase, 188
washed, and resuspended in MMK buffer (20 mM MOPS-KOH, 10 mM MgCl 2 , and 300 mM KCl, 189 pH 7.3), and treated with 0.1 mg/ml lysozyme for 18 h. Next, cell suspensions containing 0.2 mM 190 PMSF and 100 µg/ml RNAase were passed twice through a French press (15,000 p.s.i.) and 191 centrifuged (13,000 x g, 30 min, 4 °C) to remove cell debris. The formed vesicles were harvested by 192 ultracentrifugation (125,000 x g, 1 h, 4 °C) and resuspended in 10 mM Hepes-KOH buffer (pH 7.5) 193 supplemented with 10% glycerol, and stored at -80 °C. 194
Net ATP-dependent proton translocation was assessed using membrane vesicles pre-incubated 195 30 min on ice with rhLf and hTf (10, 20, 30 µM) or 0.5 mM DCCD (positive control), to determine 196 the effect of these proteins on the H + -translocation. ATP-dependent translocation was monitored by 197 fluorescence quenching of ACMA as described previously (7). Reaction mixtures containedthe reaction was initiated by the addition of 1 mM ATP. ACMA fluorescence (λ ex = 410 nm, λ em =490 200 nm) was then recorded for 8 min in a spectrofluorometer. The proton ionophore CCCP (2 µg/ml) was 201 added at the end of the reaction to correct for non-specific quenching. 202
203
Other procedures. Lactoferrin and transferrin were saturated with iron as was described by Kalmar 204 and Arnold (17). The saturation status of lactoferrin (holo-rhLf) and transferrin (holo-hTf) was 205 estimated by the ratio of A 465 /A 280 (15) in 93% and 87%, respectively. Protein concentration was 206 determined by a Bradford assay with bovine serum albumin as the standard. Nitrate utilization and 207 arginine deaminase activity were determined with a nitrate-specific electrode (Mettler-Toledo 208 DX262-NO3) and monitoring the production of citrulline from arginine, respectively (3, 16). 209 210 Statistical analysis. Data are expressed as means ± S. D., and significance was determined by using 211 a Student´s t test. A value P < 0.05 was considered to be significant. 212
213

RESULTS
214
and 50% (IC 50 ) reductions in cell viability were determined as summarized in Table 1. Data from  217 killing experiments performed at pH 5.5 and pH 7.4, indicated the greatest efficacy of lactoferrin on 218 P. aeruginosa and L. lactis at pH 5.5. A similar result was obtained with transferrin and P. 219 aeruginosa cells (Table 1) . 220 P. aeruginosa cells suspended in Tris buffer were susceptible to rhLf and hTf in a dose and 221 time-dependent manner (Fig. 1) . Of note, L. lactis cells were susceptible to lactoferrin but not to 222 transferrin (Table 1) . Such resistance to the killing activity of hTf remained unchanged even at high 223 hTf-concentrations (25 µM) and extended (3 h) incubation time (Fig. 1D) , as well as at acidic (pH 224 5.6) and alkaline pH (pH 7.4). The antimicrobial activity of the iron-free (apo) proteins was higher 225 than that iron-saturated (holo) proteins (Table 1) . 226
227
Impact of environmental and metabolic conditions on antimicrobial activity. Previous studies 228 suggested an energy dependence for lactoferrin killing that might reflect a requirement for active 229 bacterial metabolism during the cidal effect (5, 6, 25). We therefore performed bactericidal assays 230 using P. aeruginosa and L. lactis cells under different environmental and metabolic conditions. The 231 influence of the anaerobic respiration on the apo-rhLf and apo-hTf antimicrobial effect was 232 determined using P. aeruginosa cells maintained in anaerobiosis. The antimicrobial assays were 233 performed using cells resuspended in Tris buffer with or without 5 mM KNO 3 under anaerobic 234
conditions. Cell suspensions containing KNO 3 were susceptible to rhLf and hTf (37% ± 9% and 52% 235 ± 8% cell viability, respectively). Interestingly, in the absence of KNO 3 the number of viable cells 236 treated with rhLf and hTf was not substantially modified versus controls (Table 2) . 237
The efficacy of rhLf and hTf on non-respiring P. aeruginosa cells deriving energy (i.e. ATP) 238 to determine whether membrane integrity or the function of some associated membrane elements (i.e. 249 electron respiratory chain components) were modified by apo-transferrins. hTf (4 µM) was 6% ± 5% and 8% ± 5%, respectively ( Fig. 2A) . L. lactis cells also showed a low 256 level of PI accumulation, as observed by the increased fluorescence intensity in 9% ± 3% and 8% ± 257 2% of the cells following treatment with 0.125 µM rhLf and 4 µM hTf, respectively. This degree of 258 permeabilization was not significantly different from untreated controls ( Fig. 2A) . However, in 259 positive control assays, the percentage of permeabilized cells by exposure to a bactericidal 260 concentration of the peptide Lfpep (50 µM) was high (82% ± 6%, P. aeruginosa; 84% ± 8%, L. 261 lactis), indicating a disruption of the cytoplasmic membrane sufficient for PI permeabilization ( inhibitor of the bacterial type I NADH-dehydrogenase (complex I), were significantly (P < 0.05) less 287 susceptible to the killing activity of 1 µM rhLf and 4 µM hTf (73% ± 7% and 71% ± 4% cell 288 survival, respectively). The pre-incubation (15 min, 37 ºC) with the proton ionophore CCCP (50 µM) 289 also prevented the antimicrobial activity but only when the concentration of these proteins was ≤ IC 50 290 (Fig. 3B, 3C) . 291 P. aeruginosa cells consumed oxygen in the absence of an exogenous energy source (Fig 3D) . 292
Oxygen utilization data obtained from cell suspensions exposed to high bactericidal concentrations of 293 rhLf (3 µM) or hTf (12 µM) indicated a rate of consumption of oxygen similar to the untreated cells. 294
Similarly, the respiration of cells energized by the addition of succinate (33 mM) was not inhibited 295 by these proteins (data not shown). In control assays, the pre-incubation of the cells with 32 µM 296 piericidin A resulted in an immediate decrease in respiration (Fig. 3D) .and 34% ± 6%, respectively. The absorbance of DCIP in P. aeruginosa cell suspensions treated with 301 3 µM rhLf or 12 µM hTf was also significantly (∼70%, 90 min) decreased with respect to the control 302 cells assayed identically in the absence of either protein (Fig. 3F) . DCIP was not reduced by rhLf or 303 hTf ( Fig. 3F ) and was not cytotoxic at the assayed concentrations (data not shown). These data 304 indicated a correlation between loss in viability of rhLf-treated cells and DCIP reduction. 305
In conclusion, changes in the transmembrane electrical potential observed in P. aeruginosa (2) 306 and L. lactis cells were not correlated with a permeabilization of cell membranes by transferrins, 307
suggesting an alteration of proton homeostasis. Supporting this notion, respiratory activity of P. (Table 3 ). The percentage of fluorescence in vesicle assays 323 containing 20 µM apo-lactoferrin or holo-lactoferrin was almost three times higher compared to 324 those in the absence of the protein, suggesting a decrease of the transmembrane proton gradient 325 generated at the expense of ATP. A decrease in fluorescence quenching (~32%) was also observed in 326 control assays using the ATPase inhibitor DCCD (0.5 mM). No significant decrease in the ACMA-327 quenching was detected in the presence of transferrin (Table 3) . Table 3 . ATP hydrolysis 331
decreased to approximately 24%, 27%, and 25% of the initial rate after pre-incubation with 10, 20 332 and 30 µM rhLf, respectively (Table 3) . Similarly, the amount of hydrolyzed ATP decreased to ~35% 333 after pre-incubation with 20 µM holo-lactoferrin. In the presence of different concentrations (10, 20, 334 30 µM) of hTf, ATPase activity was similar to that of the control (Table 3) Since L. lactis species lacks a functional respiratory chain, both proton gradient and internal pH 384 regulation depends on the H + -extrusion mediated by H + -ATPase (7, 10, 12, 19). Consequently, this 385 complex was investigated as the possible common element in both bacterial species that might be 386 targeted by transferrins. We assumed that the susceptibility of L. lactis cells to lactoferrin could be 387 due to a lethal perturbation of the intracellular pH and proton gradient due to an inhibition of the 388 ATPase complex (Fig. 4A ). This supposition was inferred from experiments in which the ∆ψ-389 generation by rhLf-treated and untreated cells metabolizing glucose was compared. Lactoferin-390 treated cells were unable to generate a membrane potential suggesting an inhibition of H + -ATPase. 391 by components of the respiratory chain, coupled to the extrusion of protons which were unable to 399 return to the cytoplasm via ATPase (Fig. 4B) . The reduction of DCIP was observed only in rhLf and 400 hTf-treated cells, further implying that this reagent was reduced by component(s) of the respiratory 401 chain as a response to the uncoupling effect caused by rhLf or hTf. 402
The suggested selective inhibition of the ATPase complex by lactoferrin and transferrin may 403 also explain the respective susceptibility and resistance observed in respiring and non-respiring P. 
